Finally, our results suggest that the activities of both These results indicate that ced-3 and ced-4 can cause ced-4L and ced-4S are inhibited by the activity of the and ced-9 can prevent programmed cell death. Lossced-9 gene. This finding can account for the ability of of-function mutations in either ced-3 or ced-4 can preced-9 both to promote and to prevent programmed cell vent both ectopic and normal cell deaths that occur in death (Hengartner and Horvitz, 1994a) and suggests that ced-9(lf) animals, suggesting that the function of ced-9
Results
lines containing a ced-4L cDNA fused to two different heat-shock promoters (A. Fire and P. Candido, personal communication). Again, no ectopic cell deaths were ob-A Conserved ced-4 Sequence Is Used as an Alternative Exon served; instead, extra cells accumulated in the anterior pharynx of transgenic embryos subjected to a heat To define functionally important regions of ced-4, we cloned and determined the sequences of ced-4 homoshock (Table 1) , as in animals containing death-preventing mutations. This result suggested that prologs from the nematodes C. briggsae and C. vulgaris. By comparing complete C. briggsae and partial C. vulgaris grammed cell death was inhibited in these animals.
To test further the hypothesis that overexpression of genomic sequences with the C. elegans genomic sequence, we found that exons were in general more conced-4L inhibited programmed cell death, we introduced a transgene containing a ced-4L cDNA fused to the served among these genes than were introns, with the exception of intron 3 ( Figure 1A ). The 72 bp at the 3Ј constitutive promoter of the dpy-30 gene (D. Hsu and B. Meyer, personal communication) into animals conend of intron 3 (as defined by previously described C. elegans ced-4 cDNAs; Yuan and Horvitz, 1992) were taining a ced-9(lf) mutation. ced-9(lf) homozygous animals derived from ced-9(lf)/ϩ heterozygous mothers highly conserved ( Figure 1B) , suggesting that this region is important for ced-4 function. In all three species, this generate progeny that die from massive ectopic cell death and can be rescued by mutations that prevent 72 bp region was immediately preceded by a consensus splice-acceptor sequence (TTNNAG; T, A, and G are programmed cell death (Hengartner et al., 1992). ced-9(lf) mutants carrying the P dpy-30 ced-4L transgene were present in >90% of sites, while N represents a more variable position; Emmons, 1988) ( Figure 1B ), sugrescued from lethality (Table 2) , supporting the notion that ced-4L can prevent programmed cell death. gesting that this region might be used as an exon.
To determine whether C. elegans ced-4 encodes an alternative transcript that uses this presumptive spliceced-4 Encodes Protective as Well as Killer acceptor site, we hybridized a radioactive probe correGenetic Functions sponding to the 72 bp conserved sequence to a Northern
The observation that ced-4 encodes a death-preventing blot of mixed-stage C. elegans poly(A) ϩ RNA prepared as well as a death-promoting transcript suggests that from wild-type animals. As shown in Figure 1C , a 2.2 kb ced-4 might function in vivo not only to cause but also transcript was seen. This transcript is 10-to 30-fold less to protect against programmed cell death. Evidence abundant than the previously described ced-4 transcript consistent with such a protective in vivo function of (data not shown) and is similar to it in size (Yuan and ced-4 was obtained some years ago by Ellis and Horvitz Horvitz, 1992). To determine whether this ced-4 tran-(1986), although there was no basis for interpreting their script was produced by splicing at an acceptor site at data at that time. Specifically, the egl-1(n487) mutation position 114 of intron 3 (see Figure 1B) , we prepared causes the HSN neurons to undergo programmed cell cDNAs from the same RNA preparation used for the death, and the percentage of dying HSNs is lower Northern blot. These cDNAs were used with primers in egl-1(n487)/ϩ heterozygous animals than in cedflanking intron 3 to amplify the region encompassing 4(n1162)/ϩ; egl-1(n487)/ϩ doubly heterozygous anithis intron by the polymerase chain reaction (PCR). We mals. Since the n1162 mutation eliminates ced-4 funcobserved two products ( Figure 1D ). Sequence analysis tion (Ellis and Horvitz, 1986; Yuan and Horvitz, 1992; of these products confirmed that the longer one (called S. S. and H. R. H., unpublished data), this observation ced-4L, for ced-4 long) corresponded to a ced-4 RNA indicates that a reduction of ced-4 activity can lead to spliced at position 114 of intron 3 and the shorter one an increase in programmed cell death, i.e., that ced-4 (called ced-4S, for ced-4 short) corresponded to the can protect against programmed cell death. previously described ced-4 mRNA (data not shown).
These results indicate that ced-4 generates two alterna-
The ced-4 Allele n2273 Perturbs Both Killer tively spliced transcripts ( Figures 1B and 1E) . The cedand Protective ced-4 Functions 4L transcript contains an in-frame insertion of 72 nt To confirm further that ced-4 encodes a death-prerelative to the previously described ced-4S transcript venting function and to examine whether this function and could encode a protein with a 24 amino acid inserand the death-promoting function of ced-4 might be tion relative to CED-4S (see Figure 1B) . encoded by the ced-4L and ced-4S transcripts, respectively, we characterized the effects of the ced-4(n2273) Overexpression of ced-4L Can Prevent mutation, which changes a conserved G to an A at the Programmed Cell Death ced-4S-specific splice-acceptor site of intron 3 (Yuan We previously demonstrated that the ALM neurons, and Horvitz, 1992; see Figure 1B ) and thus might be which normally express the mec-7 gene (Savage et al., useful for distinguishing the functions of the two ced-4 1989), undergo programmed cell death in animals cartranscripts. We examined ced-4 transcripts in cedrying a transgene consisting of the ced-4S cDNA fused 4(n2273) mutants by probing a Northern blot of poly(A) ϩ to the mec-7 promoter (Pmec-7 ced-4S) (Shaham and Hor-RNA from ced-4(n2273) animals with either a probe convitz, 1996). This result suggested that ced-4S norsisting of the 72 bp conserved region of intron 3 (demally promotes programmed cell death. To determine tecting only the ced-4L transcript) or a full-length cedwhether ced-4L also promotes programmed cell death, 4S cDNA probe (detecting both the ced-4S and ced-4L we established transgenic lines containing a ced-4L transcripts). As shown in Figure 1C , expression of cedcDNA fused to P mec-7 . No ectopic cell deaths were observed (data not shown). We also established transgenic 4L in ced-4(n2273) animals was enhanced compared Table 4 ). Since ced-4(n2273) individual animals.
animals produced a mutated ced-4L product, we surmised that they also might have a defect in a deathpreventing function of ced-4. To test this hypothesis, we examined the effect of introducing the weak losswith expression in wild-type animals, suggesting that in ced-4(n2273) animals the ced-4L-specific splice-accepof-function ced-9 allele n1653 (Hengartner et al., 1992) into ced-4(n2273) animals. Although both ced-9(n1653) tor site might be used more often than in wild-type animals.
animals and ced-4(n2273) animals produce mostly viable progeny, doubly mutant ced-4(n2273) ced-9(n1653) To determine the splicing pattern of ced-4 transcripts in ced-4(n2273) animals, we amplified by PCR the cedanimals derived from ced-4(n2273) ced-9(n1653)/ϩϩ parents produced mostly dead progeny (Table 3; M. 4S and ced-4L transcripts using primers flanking the ced-4L-specific exon. Separation of the amplified prodHengartner, personal communication), and this effect was blocked by preventing programmed cell death with ucts on an agarose gel yielded two bands ( Figure 1D ). Sequence determination revealed that the larger proda mutation in ced-3. This result suggests that ced-4(n2273) enhanced programmed cell death caused by uct corresponded to the wild-type ced-4L transcript, except for a G-to-A change at the ced-4(n2273) mutation the ced-9(n1653) allele. This enhancement of cell death is opposite to the reduction of cell death in ced-4(n2273) site (see Figure 1B) Constructs were injected into unc-69(e587) ced-9(n1950n2161)/qC1, unc-69(e587) ced-9(n1950n2077)/qC1, and ced-9(n2812)/qC1 animals, and progeny of Ced-9 animals were examined. We allowed 20 animals of each genotype and containing a given transgene to produce progeny. The number of live progeny produced is shown. For the transgenic animals, this number represents the average number Ϯ standard deviation of progeny produced by three independent lines. ND, not determined. slightly fewer, rather than more, extra cells when com- In the top section are our reference data for wild-type, ced-9(n1653),
4(n2273) ced-9(n1653); ced-3(n2427) animals contained
The ced-9(n1950) allele dominantly inhibits programmed and ced-4(n2273) animals. Extra cells were scored as in Table 1 
BCL-2 mediates BCL-2-BAX interaction and is required for BCL-2 to prevent cell death (Yin et al., 1994)
. ced-9(n1950) was proposed to activate the CED-9 protein ced-4(n2273) and ced-4(n2273)/ced-4(null) animals (Hengartner and Horvitz, 1994a); however, a similar were dead. These results support the hypothesis that change in BCL-2 surprisingly resulted in loss of activity ced-4(n2273) also results in a reduction but not a total in both mammalian cells and in C. elegans (Yin et al., loss of ced-4L activity.
1994; Hengartner and Horvitz, 1994a). We observed that ced-4(n2273) ced-9(n1950) double mutants contained ced-9 Inhibits Both Protective and Killer fewer extra cells than did ced-9(n1950) animals (Table 4) .
ced-4 Activities
That ced-4(n2273), which is defective in ced-4L function, Previous studies have indicated that the cell-killing funcreduces the extent of cell survival caused by cedtion of ced-4, which we now attribute to ced-4S, is inhib-9(n1950) suggests that ced-9(n1950) causes cell survival ited by ced-9 (Hengartner et al., 1992; Shaham and Horat least in part as a result of an increase in ced-4L vitz, 1996). How does ced-4L interact with ced-9 and activity. We propose, therefore, that ced-9(n1950) can ced-4S? First, as described above, overexpression of inhibit ced-4S, but not ced-4L. If so, the ced-9(n1950) ced-4L can rescue the lethality caused by a loss of ced-9 phenotype would be a consequence not of the activation function, suggesting that ced-4L functions downstream of CED-9, but rather of the loss of the inhibitory action of or in parallel to ced-9. Second, ced-9 can inhibit the of CED-9 on CED-4L. Consistent with this observation, killing of ALM neurons caused by ced-4S overexpresHengartner et al. (1992) showed that ced-9 product is sion in animals homozygous for the ced-4(n1162) allele maternally contributed to the embryo. If ced-9(n1950) and thus lacking all ced-4L function (Shaham and Horresulted in increased ced-9 protective activity, genotypivitz, 1996), suggesting that ced-9 does not require cedcally wild-type self-progeny of ced-9(n1950)/ϩ parents 4L function to inhibit ced-4S function. Third, ced-9 apmight well have extra surviving cells. However, such pears to inhibit not only the activity of ced-4S, but also progeny do not have extra surviving cells (Hengartner the activity of ced-4L. Specifically, Hengartner and Horet al., 1992), as would be expected if the n1950 allele vitz (1994a) reported that ced-9 has not only a deathinstead lacked a killing activity. preventing but also a death-promoting function: mutations that decrease ced-9 activity lead to enhanced rather than diminished cell survival in mutants slightly Discussion reduced in ced-3 function. For example, as we show in Table 4 , ced-9(n1653); ced-3(n2427) animals contained Our results suggest that ced-4 encodes two opposing an average of 7.4 Ϯ 0.5 extra cells in the anterior pharcell death functions mediated by two alternatively tranynx, whereas ced-3(n2427) animals contained only 1.2 Ϯ scribed ced-4 mRNAs, ced-4L and ced-4S. Our experi-0.2 extra cells. Does this death-promoting ced-9 funcments indicate that alternative splicing is normally used tion require ced-4L activity? To answer this question, we in vivo to regulate programmed cell death. Two mammadetermined whether the ced-4(n2273) mutation, which lian genes have been shown to encode alternatively presumably reduces ced-4L function, affects this deathspliced products that have opposing cell death funcpromoting activity. We found that ced-4(n2273) ced-9(n1653); ced-3(n2427 or n2438) triple mutants had tions when overexpressed, although in neither case is that they suggest that ced-9 can act either to prevent Two alternative models for the genetic pathway for or to promote cell death depending on its relative effects programmed cell death in C. elegans (Figure 2 ) are conon ced-4S and ced-4L. Thus, a single cell-death protein sistent with our observations that ced-4L acts downcan mediate both survival and killing. Two mammalian stream of or in parallel to ced-9, that ced-9 can inhibit bcl-2 family members, Bax and Bak, as well as bcl-2 ced-4S-induced killing in the absence of ced-4L (Shaitself might be bifunctional in this way. A mutation in the ham and Horvitz, 1996) , and that ced-9 can inhibit both mouse Bax gene was found recently to result in either ced-4L and ced-4S. In both models, ced-9 negatively hypoplasia or hyperplasia, depending on the tissue exregulates ced-4L and ced-4S, and the antagonistic acamined (Knudson et al., 1995) . This result suggests that tivities of ced-4L and ced-4S compete to determine Bax might be able either to promote or to prevent cell whether a cell lives or dies. Since ced-4 null mutants, death. Similarly, Bak accelerates cell death in a number which lack both ced-4L and ced-4S , 1996) . We suggest that whether ced-4L inhibits programmed cell death by prebcl-2, Bax, Bak, and other mammalian bcl-2/ced-9 famventing ced-4S activity directly or by interfering with ily members can both promote and prevent programmed a consequence of ced-4S action, as indicated by the cell death by interacting with mammalian functional alternative models shown in Figure 2. counterparts of CED-4S and CED-4L, which might differ How might ced-4L, ced-4S, and ced-9 interact to regulate programmed cell death? One possibility is that in distribution among distinct cell and tissue types.
Experimental Procedures from each of 20 colonies resulting from each ligation was purified, and insert sequences were determined using an ABI 373A sequencer.
General Methods and Strains
We cultured C. elegans as described by Brenner (1974). All strains were grown at 20ЊC. The wild-type strain used was C. elegans variety
